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Power Supply Impact on IC’s Functionality

How the power is supplied to an integrated circuit greatly affects the
functionality of the system:

* External bypass capacitors cannot address the high frequencies
issues [e.g. Fujitsu_02].

~

- Not enough anymore... J
Supplying power to high speed integrated circuits is a challenging

task:

* L di/dt must complement iR Static and Dynamic Drop analysis £.

Fast | transient High average |
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Power Supply Impact on IC’s Performances

How the power is supplied to an integrated circuit may affects the
performances of the system:

* Power Supply noise limits the maximum operating frequency
of an integrated circuit [PDN_o04, Free_06, ...]
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Definitions

Decoupling

* The art and practice of breaking coupling between portions of systems and
circuits to ensure proper operation.

Bypassing

* The practice of adding a low-impedance path to shunt transient energy to
ground at the source. Required for proper decoupling.

[Cypress Semiconductor Corporation 1999]
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Bypassing Strategy,
an Example: the Pentium 4™

4 levels of Bypassing

1. On PCB (Source)

top view bottom view

3. In Package
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A Trapezoidal On-Chip Signal
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Bandwidth of a Trapezmdal Signal
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Energy in a Trapezoidal Signal
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Modeling with a Trapezoidal Simplified Model

In a Power Distribution System, the signal is a Current Surge.

load I

> BW,,~0.35/t,

N
»
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Simplified Model of a Power Distribution System: RLC

NB: Global ground does not exist!

Rr L°
out
(WWTWWTWW
+ Bypass
— Capacitors
IIoad

N~ T T WA T T WA T W00

R, L ¢ R, ¢ Ld R ¢ Lo R Lo

NS
Voltage PCB IC Package% Chip Module
Regulator

The power source and the load are connected
through resistive and inductive parasitic impedances.
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Power Distribution System Target Impedance

V,, = Power Supply Voltage [V
Tol = Allowed Ripple (%]
| = Max Load Current A

R, .= V. x(Tol/100)/1__

target

For example,
with an allowed ripple of 10% on a Vdd of 1V

and a max load current of 100mA,
the target impedance will be 1Q2

Yves Leduc, Nathalie Messina
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Power Distribution System Target Impedance

Z,.. Magnitude, log|Q|

out
10 |4 Bandwidth of Interest »
R.....: = (Power Supply Voltage) x (allowed ripple) / current

Rtarget
Impedance of the PDS must be LOWER than target in the
Bandwidth of Interest,
although we will see that additional constraints should be met!

0.1 A

10KHz 100KHz 1MHz 10MHz 100MHz 1GHz I 10GHz Iog

fiarger= 3.5 GHz (Hz)
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PCB Bypassing does not Solve IC Issues

Z... Magnitude, log|Q|

out

I
The Package Barrier

The supply

HHHHHHHHHHHHHHHHHHHHHH
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FYI, Some Orders of Magnitude

Package 424ZQX

Bond Wire

Typical PCB Line

Via through 1.6mm PCB

0402 Capacitor
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0.3nH ... 5nH
15mQ2 ... 180mQ
0.1pF ... 0.6pF

50mQ2/mm
1nH /mm
0.05pF /mm

0.5nH /mm
0.1pF /mm
5mQ /mm

1.3nH

100nF
0.5nH
26mQ

Rule of Thumb

L~1nH /mm
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Linear Variation of L and R with the Circuit Dimensions

2rF_=1/VLC

Module ~ 0.5 mm => R Lc

Small cross-sectional dimensions of the IC interconnect

Chip =5 mm

PCB~50mm => RLC
Large cross-sectional dimensions of PCB interconnect
L >> L, > L > L,
Physical dimensions 3y R << R, << R << R,
C >> Cp >> CC >> Cm
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Our Example

%k ok ok ok ok X

. PARMS

% %k ok ok ok k&

. PARMS
. PARMS

. PARMS
. PARMS

% ok ok ok ok k&

. PARMS
. PARMS

. PARMS
. PARMS

TARGET
Z0 1.00
PDN BOARD

Rr 0.25
Lr 50.0nH

Rb 0.10
Lb 10.00nH

PDN IC
Rp 0.05
Lp 1.00nH

Rc 0.10
Lc 0.10nH
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WA T
R Lo
VR PCB

Package

IC

load

R,¢ Lo Rpg |_pg R.¢ LSs
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PDS with No Bypass Capacitor

RS LpP RPp Lp

—\/v\/\,—fUﬁ‘—\/vv\,—fU“G“—\/vv\,—fW—O

Rbg |_bg Rpg |_pg ch L9

Rtot I‘tot

Rtot = Rrp + Rrg + Rbp + Rbg + Rpp + Rpg + ch + ch

L,,=LP+LO+LP+Lo+ |_pp+ |_p9 +LP+ LI
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Impedance of a PDS with No Bypass Capacitor

Z... Magnitude, log|Q]

100

out

10 | ‘Bandwidth of Intefest

v
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target
Rtot / 2nfi = Ryt /Ly

0.1 A
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PDS with a Single Bypass Capacitor on PCB

R, L.P
WﬁmﬁW
i
+ Bypass
- capacitor | C
Lc IIoad

'—WWﬂWJ

R J L ? R2 L2

NS

PCB
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PDS with a Single Bypass Capacitor

R, L,P

wvv—”m“ﬂwvvwm“

Yves Leduc, Nathalie Messina

Low
Frequency
current

High
Frequency
current

\4

Below f, the bypass capacitance is
relatively high.

Assuming Lc <L,

Above f ., the bypass capacitance

is lower than the (R1, L1) path.
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Impedance of a PDS with a Single Bypass Capacitor

Z... Magnitude, log|Q|

100 —

out

a

Bandwidth of Interest

10 —

Resonance
Frequency f

res

Capacitive p
| Behavior
1 / * Rtarget
Rtot | C
Inductive Resistive
Behavior Behavior
10KHz 100KHz 1MHz v 10MHz v 100MHz 1GHz I 10GHz
fes oiyTc  Afew tens of MHz fiarget log
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Transient of a PDS with a Single Bypass Capacitor

_ . —»'e t=0.1ns
I load — Unlt Step i Imax = 0.1A
Current consumed Zoy
oA by the load " BW=3,5GHz /
1V Vout 7

(?I.lOKHZ 100KHz 1MHz 10MHz 100MHz 1GHz |og (Hz)

T~~~ R 0.95Vv

TN // 25mV
\\\s.../ ____________ \ IR EE R
| -
Negative Spike of ~ 3V

1ns 10ns 100ns lus | O g ( t)
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Just Curious: Let’s Increase t to 10ns

. —pi L = .
| 0aa = Unit Step = A Imax = 0.1A
: : Zout
Current consumed Vq
by the load BW = 35 MHz g
0A " y
4
1 N 4"'
Vout '
1V 0

10KHz 100KHz  1MHz 10MHz  100MHz 1GHz log (Hz)

osev Negligible Ripple !
Negative Spike of  80mV 0.95V
e og ()
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Limitation from a Single Bypass Capacitor

* The device should have a high capacity to store and release
a sufficient amount of energy

C > L,/Z,.. (R+R

targe
* To supply sufficient power at high frequencies, the device should be able to
store and release energy at a sufficient delivery rate.

(L,+L°) < Z__/2mf

target target

The condition of low inductance path cannot be satisfied.
Inductance L, is the issue:

L, =1nH

O
target & 3 GHZ —

f

Z ~1Q

target

(1e-9 + L) >>1/(6.28 x 3e9) Re Lo
Bonding
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Hierarchical Placement of Bypass Capacitors

Exploits the tradeoff between the capacitance and the parasitic series inductance
of a bypass capacitor.

The bypass capacitor at each stage is effective within a limited frequency
range. The ranges of effectiveness overlap each other, reaching f,_ ..

p Rpp Lp ch ch out
W00
R c %Rcc %Rmc
Board Package On Chip C Module C
ng:::;s _l_ Cai!;?:?tsosrs CP Cfgap;f:rs ¢ Cai);ialtsosrs Pl
Lbc ch Lcc é L ¢ IIoad
m
N T AWM T O W T W T 0
< RS Lo R,¢ Lo . R ¢ L¢ R.¢ L.
Voltage PCB IC Package. Chip Module
Regulator
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Impedance of a PDS with Hierarchical Bypass Capacitors

Z... Magnitude, log|Q]

out

10 |4 -Bandwidth of Interest >
C, Behavior
C. Behavior
! R / | - Rtarget
tot /4 /4
. C,, Behavior
C, Behavior
0.1
| | | l f
100KHz 1MHz ‘ ]$MHZ ‘lOOMHz llGHz I 10GHz 100GHz
fb res fp res fc res fm res ftarget |09
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Transient of a PDS with Hierarchical Bypass Capacitors

| g = UNit Step  lu 4o o1ns

load

I =0.1A

Current consumed BW = 3.5 GHz
by the load .

0A \
_Vout
1V /

BUT as we will see, this is not the Worst Case...

0.95V

ooooo log (t)

10ns 1lus
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Worst Case Peak Transient

To get the worse case of spikes on the supply voltage, we apply an
“appropriate” stimulus as |

load*

1100mv

\"

out_positive_spike

1050mv

M YN T

1000mVv

900mVv

850 mV

0.0ps 1.0us 2.0us
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Worst Case Peak-to-Peak Transient

We apply the negative and positive stimulus to get the peak to peak value.

1100mv

Vv
Vv

out_positive_spike

out_negative_spike Worst case stimulus 232 mV
! Unit step response 35 mV

1050mv

1000mVv

950mV

IYANLAN KRN
I

A

Bad Ripple! Although the PDS
impedance is below R

900mVv

target"
850 mV

0.0ps 1.0us 2.0us t
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Flat Impedance of a PDS with Hierarchical Bypass Caps

Z

out

10

0.1

Magnitude, log|Q|

a2

tot

‘Bandwidth of Interest —————

It is possible to flatten the PDS impedance by proper tuning
of the bypass capacitors. Method called full impedance
compensation will be explained later.

™

Flat Impedance = Resistive Behavior in the Bandwidth

100KHz 1MHz 10MHz 100MHz 1GHz T 10GHz 100GHz
f log
target ( H 7 )

Yves Leduc, Nathalie Messina
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Transient of a PDS with a Flat Impedance

0.1A

| ..q = Unit Step <_ t = 0.1ns
Current consumed BW = 3.5 GHz
by the load

on \
\'/

1V out /

0.990V

This is
MUCH
better !

0.950V
0.940V

0.930V

With a Flat Impedance in the Bandwidth

Yves Leduc, Nathalie Messina

10ns

100ns

[ E— 0.95Vv

Quasi-resistive Behavior

dominated by the IR Drop

-34-



AGENDA

1- Bandwidth of Interest

2- Model of a Power Distribution System

3- Bypassing Examples

4- Bypassing Methods
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6- Power Distribution System Model Extraction
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Method to Flatten the Impedance of a PDS with HBC

|_p |_p

. . \/\/\/\,—’W —T—\/\/\/\/—’ 00 B EE—
A full impedance compensation Ry %ac %

at each bypassing stage c %cc é CD
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C, =L /(Ry)?
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| | R.°=R+R,+R +R =R,
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Method to Flatten the Impedance of a PDS with HBC

A full impedance compensation
at each bypassing stage

Rbc = Rr
C, =L [ (Ry)?

Rpc =R, +R,
Cp =(L,s°c+L,)/ (Rpc) 2

Re=R+R,+R
C. =(Ls+L)/(R°)

Rmc = Rr+ Rb+ Rp+ Rc = Rtot
Yves Leduc, Nathalie Messina C = (L c+ L ) / (R c) 2



How it Works?

Low High
Frequency Frequency
current current

(dB)

I(Vreg) / Iload I(Cp) / |54 I(Cc) /1.4 I(Cm) /1,

0dB

-20dB

-40dB

-60dB

L T T L L | T T L T T L
1MHz 10MHz 100MHz 1GHz
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%k % ok ok ok X

. PARMS

%k & ok ok ok Kk

. PARMS
. PARMS

. PARMS
. PARMS

ok ok ok ok ok

. PARMS
. PARMS

. PARMS
. PARMS

TARGET
Z0 1.00
PDN BOARD

Rr 0.25
Lr 50.0nH

Rb 0.10
Lb 10.00nH

PDN IC
Rp 0.05
Lp 1.00nH

Rc 0.10
Lc 0.10nH

Yves Leduc, Nathalie Messina
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. PARMS
. PARMS
. PARMS

. PARMS
. PARMS
. PARMS

% %k ok ok & Kk

. PARMS
. PARMS
. PARMS

. PARMS
. PARMS
. PARMS

R Lg Re L
BYPASS ON THE BOARD
R .2 o
cgb gOOSOOnF R =R,
° = c)2
LCb 5.00nH Co =L/ (R)
e o —
RCp 0.35 Re=R+R,
Cp 122.4nF C, =L+ L)/ (Re)?

ICp 1.50nH
Rf=R+R,+ RIO
BYPASS ON THE-IC C. =(Le+L)/(Re)
RCc 0.4 Re=R+R+R +R =R,
Cc 15.6nF " r g : °
: C, =(L°5+L,)/(R,°)?

LCc 0.10nH
RCm 0.5
Cm O0.75nF

LCm 0.01nH
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Flat Impedance of a PDS with Hierarchical Bypass Caps

Z... Magnitude, log|Q|

out

10— ~Bandwidth of Interest ————

N target
Rtot
Flat Impedance = Resistive Behavior in the Bandwidth
0.0t 100KH 1IMH 10MH 100MH 1GH T 10GH. 100GH
f log
t t
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The ESR Issue

ok ok ok ok ok &

. PARMS

%k ok ok ok ok

. PARMS
. PARMS

. PARMS
. PARMS

ok ok ok ok ok

. PARMS
. PARMS

. PARMS
. PARMS

TARGET
Z0 1.00
PDN BOARD

Rr 0.25
Lr 50.0nH

Rb 0.10
Lb 10.00nH

PDN IC
Rp 0.05
Lp 1.00nH

Rc 0.10
Lc 0.10nH

Yves Leduc, Nathalie Messina

% %k ok ok &k

. PARMS
. PARMS
. PARMS

. PARMS
. PARMS
. PARMS

%* %k ok ok Kk *

. PARMS
. PARMS
. PARMS

. PARMS
. PARMS
. PARMS

BYPASS ON THE BOARD

RCb 0.25
Cb 800.00nF
LCb 5.00nH

RCp 0.35
Cp 122.4nF
ICp 1.50nH

BYPASS ON THE

RCc 0.4
Cc 15.6nF
ILCc 0.10nH

RCm 0.5
Cm O0.75nF
ILCm 0.01lnH

p—
-

Impossible

to realize

such large ESR
on Chip
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Big V Impedance of a PDS

Z... Magnitude, log|Q|

out
< Bandwidth o
RtOt ..................................................................................................
iRoTo |- —————
Lower the ESR of all

On Chip Bypassing
Capacitors

0.01 - i T R e R A \ ----------------- T

Big V Impedance in the Bandwidth

0.001 { ‘

100KHz 1MHz 10MHz 100MHz 1GHz 10GHz 100GHz
v l f I IOg
~12MHz  F =275MHz target (Hz)
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The Big V Values

Values for a Flat Impedance Values for a BigV Impedance
*%*%%* BYPASS ON THE BOARD **%**%* BYPASS ON THE BOARD
.PARMS RCb 0.25 ) [ .PARMS RCb 0.25

.PARMS Cb 800.00nF .PARMS Cb 800.00nF

.PARMS LCb 5.00nH ) .PARMS LCb 5.00nH

.PARMS RCp 0.35 .PARMS RCp 0.35

.PARMS Cp 122.4nF .PARMS Cp 122.4nF

.PARMS ICp 1.50nH / \ .PARMS LCp 1.50nH

x%*%%% BYPASS ON THE IC *****%* BYPASS ON THE IC
.PARMS RCc 0.4 .PARMS RCc 0.01

.PARMS Cc 15.6nF .PARMS Cc 4.0nF

.PARMS LCc 0.10nH .PARMS LCc 0.10nH

.PARMS RCm 0.5 .PARMS RCm 0.01

.PARMS Cm 0.75nF .PARMS Cm 35.0nF

.PARMS LCm 0.01nH .PARMS ILCm 0.01nH

Yves Leduc, Nathalie Messina -43 -



Transient on a PDS with Big V Impedance

load = Unit Step :4— t.=0.1ns

0.1A

Current consumed BW = 3.5 GHz
by the load
0A
Vout /
1V

0.990Vv

0.980V

0.970Vv

0.960V

0.950Vv

0.940Vv

0.930V

X
N
W
R\
N
(!
N
Y
\
Y
N

slower response

t =14ns

With a Big V Impedance in the Bandwidth

RC behavior

0.95V

10ns

Yves Leduc, Nathalie Messina

100ns

lps
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Transient on a PDS around the Impedance Dip —— »

Load Current @ 275 MHz

275 MHz

100mA
OmA
Full Impedance Compensation Load If the operating
9 mV | V4 frequency
o] e e e e e e e e tﬁoi?cidesto
nnnnnannannnnanann L
NN T
-40mVA] \\ T -
55 mV/ | \

Ons Load 50r;15
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PCB Design, IC Design:

PCB bypassing,
fUNC(F e Ric» Ree)

match?

.

Yves Leduc, Nathalie Messina

Rt = Re t Re

RExt —
Fmatch
<« R
IC bypassing,
func(F, . Rics Rex)

Impedance Matching

Full power
distribution
system
bypassing
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The IC Designer Point of View

Rtot = RExt + RIC

IC

According to the design methodology presented in the previous slides,

the IC designer needs to fix the appropriate Resistance Budget R_ , of the
external power supply to obtain the specified performances.

The designer will use the BigV method to choose the bypass capacitors on the IC.

The IC designer will communicate to the PCB designer the resistance budget Rg,,,
the internal resistance of the IC R,; and the frequency F

match"

Yves Leduc, Nathalie Messina -48 -



The Job of the IC Designer

\ <

‘:/’ + L - J '

PCB
BigV bypassing method
The IC must behave as a is recommended for
resistance Rcat F ., frequencies above F__, .
Z, . Magnitude, log|Q| /

Rtot = RExt + RIC

The PCB is modeled
as a resistance R¢,

F log
Yves Leduc, Nathalie Messina (Hz) -49-



The PCB Designer Point of View

According to the design methodology presented in the previous slides,

the PCB designer needs to know the Resistance Budget R.,, of the
power supply, the Resistance of the IC R,. and the Frequency F
realize the impedance matching.

to

match

These resistances are provided by the IC vendor. R, includes
the PCB line resistance and the internal resistance of the voltage regulator.

RExt = RRegulator RPCB line

The PCB designer will then use the Full Impedance Compensation method
to choose the bypass capacitors on the PCB.

Yves Leduc, Nathalie Messina -50-



The PCB Designer Point of View

a
resistance R __, below

ext

R z

Rtot = RExt + RIC

y4

out

Magnitude, log|Q]|

The IC is modeled
as a resistance R;

/

/

impedance matching.

Using the R, R.and the Frequency F
the PCB designer is able to get a perfect

match’

Yves Leduc, Nathalie Messina

match

(Hz)
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Model Partitioning of a Power Distribution System

Module4

Module3

Extraction

\

Module1

Functional partitioning

== VDD, Y

VDD .
VDD. Simpler 3
2 .
== VDD, Equwalent

Model

|

Yves Leduc, Nathalie Messina
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Model of a Power Distribution System with n Modules

_|_
T & T %
L,e g L
AT 0 W T
R¢ L RS Lo
NS

The same methodologies
may be applied to larger
structures

Yves Leduc, Nathalie Messina

-54 -



AGENDA

1- Bandwidth of Interest

2- Model of a Power Distribution System

3- Bypassing Examples

4- Bypassing Methods

5- IC and PCB Designers Point of View

6- Power Distribution System Model Extraction
/- Conclusion

Yves Leduc, Nathalie Messina

-55-



Conclusion: Bypassing and Decoupling are Essential

I%E{\ /\A| « Aggressor

é 3 Mp Rit = Rexe * Ric
T ]

— ot A good bypassing does improve
AV = R, X Al - Victim |4, g ypassing p
3 the decoupling.
\wwV—'YW—J-—'
\ _
G Lowering R.,, improves the decoupling
Rtot of the system.

Best decoupling is obtained with low Rg,,.

Bypassing constrains R, R, small
Decoupling constrains R.,,  R.,small
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